In this investigation, attempts are made to develop special steel by electroslag refining (ESR) process. The base alloy is prepared with a chemical composition of 0.28 % C, 1.0 % Mn, 1.0 % Mo, 0.35 % V, 4.2 % Cr with trace amount of S and P. This alloy displays yield strength of about 1 450 MPa in quenched-and-tempered condition. It is further attempted to increase the strength and toughness of the base alloy by addition of 1 to 3 % of nickel. As a result there is a substantial improvement of mechanical properties. 3 % nickel steel displays tensile strength of 1 758 MPa and yield strength of 1 542 MPa. The austenite grains are marginally reduced in nickel alloys. With the chemical composition of nickel alloys when about 0.07 % titanium is inoculated during ESR process, there is a deterioration of the tensile properties. In 3 % nickel alloy the effect is more prominent, which displays yield strength of 1 455 MPa along with the lowest value of elongation. Scanning electron microscopy (SEM), transmission electron microscopy (TEM) and electron probe microanalysis (EPMA) studies indicate that the microstructures of un-inoculated nickel steel predominantly consist of tempered lath martensites. In titanium inoculated alloys the microstructures are mixture of retain austenite, bainite and martensites. Strengths are deteriorated possibly due to the inhomogenous distribution of carbon because of the formation of different phases and depletion of nickel due to the precipitation of the corresponding intermetallics of (Ni, Ti).
Introduction
Structural steels with minimum yield strength of 1 400 MPa are referred as ultrahigh strength steel. 1) These steels are used in many critical applications like in the fabrication of rocket motor casings, aircraft undercarriages, turbine motors, pressure vessels and offshore platforms, etc. Some of the currently employed ultrahigh strength steels, like maraging steels, are highly alloyed and are very much expensive. Therefore, search for less expensive steels with lesser alloys with improved properties is a continuing research activity. Besides strength, these steels must have good ductility, toughness, weldability and formability. The class of these steels is quite broad and includes several distinctly different families such as: (a) medium carbon low alloy steels, (b) medium alloy air hardening steel, (c) high alloy hardenable steels, and (d) 18 Ni maraging steel. 2) In the recent past, developmental efforts have been aimed mostly to increase the tensile properties and toughness through improving the melting and the processing techniques. Steels with fewer and smaller non-metallic inclusions are produced by use of selected advanced processing techniques such as vacuum deoxidation, vacuum degassing, vacuum induction melting (VIM), vacuum arc remelting (VAR) and electroslag remelting (ESR). These techniques results in: (a) less variation of properties from heat to heat, (b) greater ductility and toughness especially in the transverse direction, and (c) greater reliability.
3) Electroslag refining (ESR) is known to give low inclusion content, low macro-and micro-segregation, and low microporosity due to near-directional solidification from a small pool of continuously refined molten metal.
In high strength steels, several alloying elements are added to achieve desirable strength and toughness. Though carbon is most important alloying element, which sharply increases the strength, but the addition of higher amounts of carbon leads to decrease of weldability and ductility. Carbon has a major effect on the strength of martensite, but good ductility can only be obtained at low carbon levels. This counteracting effect of carbon leads to its limited use as a strengthener. Therefore, generally other mechanisms adopted for strengthening of steel are: i) grain refinement, ii) precipitation hardening and iii) martensite transformation. 4, 5) Grain refinement is achieved either by having fine precipitates at the soaking temperatures to pin the austenite grain boundaries 6) or by alloying and deformation to affect the recrystallisation and transformation product sizes. 7) Precipitation of carbides and carbonitrides both at high temperatures or during cooling and tempering provides opportunity for improving the mechanical properties for specific needs. 8) This developmental study explores all the strengthening mechanisms by careful control of alloying elements, subsequent processes, etc.
The development work at Indian Institute of Technology (IIT), Bombay was initiated at 1980's. Medium carbon low alloy steel was developed which had high strength in the quenched and tempered condition. Padki et al. 9) reported that about 20 % of tensile properties and toughness were increased in 15CDV6 alloy when it was produced through electroslag refining process. The nominal composition of this alloy was: 0.15 % C, 0.9 % Mn, 1 % Cr, 0.9 % Mo and 0.20 % V. Later, efforts were made by the various researchers to improve the strength of this steel by raising the carbon up to 0.30% 10, 11) and chromium content up to 3.5 %. 12) This alloy consistently displayed yield strength of about 1 400 MPa and fracture toughness (K Ic ) values in excess of 90 MPaøm -. This was a medium-carbon low alloy steel used as aerospace material in the heat treated condition. The microstructure of this steel primarily consisted of tempered lath martensite. In our earlier investigation, a base alloy is prepared with a chemical composition of 0.28 % C, 1.0 % Mn, 1.0 % Mo, 0.35 % V, 4.2 % Cr with trace amount of S and P. It displays yield strength of about 1 450 MPa in quenched-and-tempered condition.
13) It is also reported that the in-situ inoculation of microalloys like niobium and titanium during ESR result in significant refinement of austenite grains. The study also shows that the residual titanium must be lower than 0.1 % to achieve optimum mechanical properties. 13) Therefore, in some alloys about 0.07 % titanium is added with the basic composition and improvement in mechanical properties was reported. 14, 15) In this study for further improvement of mechanical properties especially to increase the toughness values, the basic steel is alloyed with 1-3 % of nickel. In some alloys about 0.07 % titanium was added. Nickel is generally added in many low alloy steels to improve low temperature toughness and hardenability.
16) It also strengthens the steel by solid solution hardening, and is particularly effective when it is used in combination with chromium and molybdenum. 4) Im et al. 8) found that the increase of nickel is an element to compensate for the loss of strength and hardenability when carbon is reduced. Nickel is also beneficial in decreasing the ductile-brittle transition temperature (DBTT). Lower additions (up to 1 % Ni) give better toughness without sacrificing yield strength. Though nickel is an expensive alloying element, but is beneficial element when toughness is the prime consideration.
17) The inoculation of titanium in stainless steel results in precipitation of intermetallic phases of (Ni, Ti) and thereby increase the mechanical properties. 18, 19) This investigation is an ongoing research activity for a development of ultrahigh strength steel suitable for aerospace application. The primary aim of this work is to develop low alloy steel with minimum yield strength of 1 500 MPa with adequate toughness and ductility. The approach in the present work is to adjust the chemical composition and the production process to obtain clean steel with finer microstructure in the as-cast tempered condition. Electroslag refining (ESR) which enhances tensile properties and toughness, therefore, has been adopted as the standard production method for all the alloys. The processes include the preparation of ESR electrode by alloying with chromium, manganese, molybdenum and nickel through induction melting followed by grain refinement by in-situ inoculation of 0.07 % titanium during ESR process.
Experimental
All alloys were prepared through induction melting followed by electroslag refining (ESR). The electrodes for ESR were prepared by melting of calculated quantities of scraps and ferroalloys in a 20 kg air induction furnace. The liquid metal was cast into 40 mm diameter and 650 mm high vertical chill moulds. Flux for ESR was prepared by melting at about 1 600°C in an air induction furnace in a 12 kg graphite crucible. The flux was crushed and screened to get granular particles (-20 mesh). About 800 g preheated slag was used for each experiment. Remelting of electrode was carried out in a water cooled steel mould of 80 mm diameter. The electrodes were connected to DC positive power. During ESR, the titanium was inoculated in-situ by attaching a thin walled steel tube of 8 mm ODϫ6 mm ID filled with calculated amount of the ferrotitanium with the electrode. After the ESR process, cooled ingots were taken out from the mould. ESR ingots were approximately 150 mm long, 80-85 mm in diameter and 6 kg in weight. The ingots are homogenised at the rate of ϳ5 min/mm thickness approximately for 8-9 h at 975°C in a muffle furnace. After homogenisation about 20 mm and 10 mm lengths were discarded from the bottom and top of the ingot, respectively.
Heat treatment of the specimen was carried out in a tubular furnace of approximately 80 mm constant temperature (Ϯ2.5°C) zone. Argon atmosphere was provided to prevent any oxidation. The heat treatment of the base alloy was standardized in our earlier work.
13) The specimen was austenised at 975°C, quenched in oil and tempered at 475°C. [11] [12] [13] The heat treatment parameters for the nickel steels are optimized in this study. After optimization, the specimens of nickel steels are austenised at 930°C followed by immediate quenching in oil and tempered at 475°C.
Chemical analysis was carried out by atomic absorption spectroscopy (AAS). Carbon was analysed in a Strohlien apparatus. Nitrogen and aluminium were analysed by a spectrometer. Sulphur and phosphorous were analysed in a SPECTRO LAB analytical instrument. The chemical homogeneity of the ESR ingots was investigated by glow discharge optical analysis (GDOES) technique. For optical and SEM studies, tempered specimens were mounted and polished by conventional methods. Austenite grain sizes were measured by Hyne's linear intercept method and the error of this method was in the range of Ϯ5%. The distribution of carbon in the central zone of the specimens was analysed by Electron probe microanalysis (EPMA) studies. The TEM-carbon replica samples were prepared in conventional method and the carbon replicas were examined using a JEOL: JEM-2010 FEF (200 kV) field emission electron microscope equipped with energy dispersive X-ray spectrometer (EDS). Thin foil tempered samples for TEM investigation was carried out with Philips CM 30 (300 kV) TEM at 200 keV.
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Mechanical properties were evaluated in tempered condition. For tensile test, round specimens of 4 mm diameter and 24 mm gauge length were prepared, as per IS: 1608 1972, and tested at room temperature using the Servo Hydraulic UTM. Charpy U-notch impact toughness specimens were prepared as per IS: 1499 1977. Hardness was measured on Rockwell C hardness tester with application of 15 kg load.
Results and Discussions

Characteristics of ESR Ingots
All ingots prepared by ESR process has smooth and bright surface with few blemishes. The loss of alloying elements was about 5 % during ESR processes. Six alloys were prepared starting from a base alloy of 0.28%C-1.0% Mn-4.2%Cr-1.0%Mo-0.34%V. About 1 to 3.2 % Ni was added with the base alloy. In some alloys about 0.07 % Ti was added with the alloy containing 1 % and 3.2 % nickel. The chemical composition of the ingots is given in Table 1 . The nickel content in ESR 2 is about to 1 %, whereas it is about to 2 % in ESR 3 and 3.3 % in ESR 4. ESR 5 and ESR 6 steels are inoculated with approximately 0.07 % titanium and the chemical compositions are similar to ESR 2 and ESR 4 steel, respectively. It can be noticed that the sulphur content in all ESR ingots is substantially low. It is reported in our earlier work that the inclusions in the electrodes are mainly of oxide and sulphide type, which were substantially removed after the ESR process. 13, 15) The measured dimension of the oxide type inclusions in the electrode is OG K5 (9.5) d(2.7-3.5 mm) and the sulphide is SS K2 (1.2) L(9-14 mm) of DIN 50602.
13) The inclusions in the ingot are mainly very fine globular oxide type OG K1 (9.1) d(0.5-0.7 mm) of DIN 50602. In the conventional steel making process, the molten steel is poured into large moulds, where it solidifies into an ingot. These ingots take several hours to solidify. The relatively long period of time of solidification leads to significant extents of chemical segregation, resulting in variation of composition throughout the ingot's cross section. In the ESR process, solidification proceeds from a very small metal pool in a very short time and it results in less or no segregation of alloying elements even in centre. It helps to get a uniform chemical composition and uniform microstructure throughout the cross section of the ingot. 3) In this study the chemical homogeneity of the homoginised ESR ingot in the microscopic scale is confirmed from glow discharge optical emission spectroscopy (GDOES) analysis shown in Fig. 1 . This figure shows that the micro-segregation of chromium, carbon, silicon, manganese, and vanadium in the centre of the ingot is minimal. This study ensures that the homogenisation conditions are suitable for the ESR ingot. Moreover, it can be also noted that homogenisation of ESR ingot is required to reduce the solidification stresses so that machining work can be performed easily in these materials.
Heat Treatment
The heat treatment schedule of the base alloy (ESR1) is explained in our earlier studies.
13) The specimens of ESR1 are austenised at 975°C and followed by rapid (within 3 s) quenching in oil. The as-quenched specimens are tempered at 475°C. In nickel alloys the heat treatment conditions are optimized in this investigation. As mentioned, the alloys are prepared with 1 to 3 % addition of Ni to the basic alloy and the optimisation studies are conducted with 2 % Ni alloy (ESR 3). It is known that the role of alloying elements on the transformation temperature is important and its effect on austenitisation temperatures is given below:
It can be seen from the above relationship that most of the austenite stabilizers decrease the austenite temperature significantly. It can be noticed that for every 1% increase of Ni there is approximately 15°C decrease of austenitisation temperature. Decrease of austenitising temperature in most cases is beneficial as it decreases the risk of grain growth. The hardness of the as-quenched samples of 2 % Ni alloy (ESR 3) is shown in Fig. 2 . It is observed from this figure that maximum hardness is achieved when the specimens are austenised at 930°C. It is expected that at 930°C most of the precipitates goes to the solution except vanadium carbonitride which is expected to be present about 70-80 % as calculated by CHEMSAGE software. 13, 14) Further increase of the austenite temperature leads to gradual decrease of the volume fraction of V (C, N).
13) It is also expected that the decrease of these volume fraction of precipitates at the higher temperature may lead to increase of austenite grain due to the weak zinner pinning to the austenite grain boundaries. Though the grain size is not specified in this investigation, the packet size which contains the martensite laths, is directly related to individual grain size. It is possible that the undissolved vanadium carbonitrides directly hardens the martensite and the decrease in its amount at higher temperature causes the softening.
The hardness values of the tempered specimens are shown in Fig. 3 . It can be noticed from Fig. 2 that the hardness of the as-quenched specimens of 2 % Ni alloy is 49Rc. The hardness of the tempered specimens never crosses this value in any tempering condition. There is a substantial drop of the hardness when the specimens tempered at 400°C (38Rc) as can be seen from Fig. 3 . This may be expected due to the normal effect of tempering expected due to the loss of tetragonality of the martensite, precipitation of e-carbide, coarsening of cementite, etc. The Fig. 3 also shows that beyond 400°C, the hardness of the specimens monotonously increases with increasing temperature up to 550°C and it decreases thereafter.
The alloying elements Cr, Mo, and V all forms carbides with substantially higher enthalpies of formation, while the element Ni does not form carbide phase. It is expected that when strong carbide-forming elements are present in sufficient amount, their carbides are formed in preference to cementite. Nevertheless, during tempering of all alloys, alloy carbides do not form until the temperature range of 400-600°C, because below this the alloying elements cannot diffuse sufficiently rapidly to allow alloy carbides to nucleate. The alloying element forms fine alloy carbide dispersions in the range of 400-600°C. It remains very fine even after prolonged tempering that allows the development of high strength and hardness levels. The dispersion of finer alloy carbide which forms at lower temperature is replaced by the coarser carbides at higher tempering temperature. On attaining a critical dispersion at the lower temperature the strength and hardness of the steel reaches a maximum value, and as the carbide dispersion slowly coarsens at higher temperature, the strength drops. It is indeed happened in this alloy. The maximum hardness is achieved at 550°C. It is well known that Ni-Cr martensite steels often causes tempered brittleness by tempering at after 500°C. It is expected that the toughness of these steels might be lower due to the temper brittleness, therefore, these steels were tempered at little lower temperature of 475°C.
Properties of Basic Steel
ESR 1 is the basic steel. The yield strength of this alloy is 1 450 MPa with good ductility and Charpy impact toughness. The optical, SEM and TEM micrographs of ESR 1 are shown in Fig. 4 . The optical, SEM studies show that the microstructures consist of tempered lath martensites. The bright field TEM micrograph confirms that the intra lath spacing is of the order of 550-700 nm. The carbon replica micrographs of this steel and the associated EDS analysis shown in Fig. 4 reveal the precipitation of mixed carbides. One can see much finer spherical or short rod like precipitates with rounded edges of complex carbides. The EDS analysis of the precipitates in Fig. 4 also shows that these are vanadium, molybdenum and chromium carbides/carbonitrides of the order of 20-40 nm in size. Needle shaped precipitate of Fe 3 C is also identified by TEM-carbon replica micrographs.
13) The thermal stability of the various precipitates was estimated by CHEMSAGE calculation and it is shown in Fig. 5 . It can be expected from this figure that at the austenitising temperature of 975°C, the precipitates contain very little amount of chromium and molybdenum. Only vanadium carbonitrides formed during cooling after solidification remains partly undissolved. 13, 14) Chromium and molybdenum would have precipitated into these preexisting vanadium carbonitride precipitates during cooling and subsequent tempering and formed complex carbides. As the size of the precipitates are smaller and distributed uniformly in the ferrite matrix, the precipitation hardening seem to play an important role for obtaining high strength.
Properties of Nickel Alloys
In the present work, five alloys were prepared through ESR process in which about 1 %, 2 % and 3 % nickel was added to the basic steel to obtain ESR 2, ESR 3, ESR 4, ESR 5 and ESR 6 steels. Two of these alloys namely, ESR 5 and ESR 6 are the titanium inoculated steels whose chemical composition corresponds to ESR 2 and ESR 4 steels, respectively. The mechanical properties of these steels are shown in Table 2 .
It can be noticed from Table 2 that on the addition of 1 % nickel in ESR 2 alloy, the grain size is marginally reduced to 51 mm. The yield strength and impact toughness increases, and there is a marginal increase in hardness and tensile strength. However, there is a drop in the ductility. On increasing nickel to 2 % (ESR 3) and 3.2 % (ESR 4), the trend is more prominent. Tensile strength and yield strength progressively increases and the later reaches a value of 1 542 MPa in 3.2 % nickel steel (ESR 4). Impact strength drops progressively. At the same time grain size remains unchanged. The trend of increase in impact toughness at 1 % nickel steel and the decrease of its values at higher nickel contents are interesting. The optical and SEM micrographs of these steels are shown in Figs. 6 and 7, respectively. It can be noticed that all the specimens consist of tempered martensite. The laths are uniform and finer in higher nickel alloys. The thermodynamic stability of precipitates in one of the steel containing 2 % nickel steel (ESR 3) is estimated by CHEMSAGE calculation and shown in Fig. 8 . It can be noticed from this figure that at the austinitising temperature of 930°C all the precipitates except the vanadium carbides are dissolved. The fraction of undissolved vanadium is about 70 % which has locked equivalent atomic percentage of carbon (considering the precipitate as VC) and form corresponding vanadium carbides/carbonitrides. The calculated residual dissolved carbon contents at the austenitising temperature are: 0.22 % in the alloy containing 2 % nickel steel (ESR 3) and similarly 0.24 % in the alloy containing 3.3 % nickel steel (ESR 4). The slight increase (0.02 wt%) of residual carbon in 3.2 % nickel steels might have some effect in strengthening the martensite. It might be one of the reasons for improvement of strength values apart from possible solid solution hardening effect of nickel.
Properties of Titanium Inoculated Nickel Alloys
ESR 5 and ESR 6 are alloys with 1 % and 3.2 % nickel inoculated with 0.07 % titanium. The mechanical properties and austenite grain sizes are shown in Table 2 . If one compare with the grain sizes of titanium free 1 % and 3.2 % nickel alloys, it can be noticed that titanium inoculation seem to have significant influence on refinement of grain sizes. In our earlier studies it is reported that when the base alloy was inoculated with 0.07 % titanium (in without nickel alloy), the grain size was reduced down from 65 to 37 mm.
13) The inoculation of titanium in nickel alloy has similar effect.
Inoculation of titanium at constant nickel content has reduced the values of yield strength substantially. ). At the higher nickel content (3.20 %) in ESR 4, the increase in yield strength is more extensive than in the case of titanium inoculated ESR 6 alloy: 1 542 to 1 455 MPa. One can also notice that at constant titanium content the yield strength is progressively reduced with increase of nickel.
The optical and SEM micrographs of titanium inoculated samples of 1 to 3.2 % nickel alloys are shown in Fig. 9 . These may be compared with the corresponding micrographs of without titanium steels presented in Figs. 6 and 7. It is evident that the inoculation of titanium in 1 % nickel steel (ESR 5) has not led to noticeable changes in the optical metallographs compare to un-inoculated steels. These are mostly consist of tempered lath martensite. At high nickel (3.2 %) alloy (ESR 6), however, the micrographs Fig. 10 which reveals that the microstructure consists of predominantly lath martensite as identified from TEM selective area diffraction pattern (SAD). TEM-carbon replica and corresponding EDS studies of ESR 5 sample shows the formation of complex carbides containing chromium, molybdenum, vanadium and titanium. These carbides are rod shaped having thickness of about 20 nm and up to 500 nm long. It is expected that during solidification titanium carbides/nitrides are formed at the temperature of 1 400°C. The vanadium, chromium, molybdenum might have been precipitated on the pre-existing Ti(C, N) precipitates at the later stage of solidification at 900-950°C and form the complex carbides. The precipitates are rod shaped and distributed randomly in the ferrite matrix. Ti(C, N) which forms at higher temperature prevents the austenite grain growth by Ziner pinning. As a result the austenite grains are smaller in titanium alloys. In alloy containing 3.2 % nickel (ESR 6), the inoculation of titanium leads to serious deterioration of yield strength. The values are found to be even lower than those obtained in 1 % nickel-titanium alloy. Similar trend is observed in tensile strength too. Titanium inoculation in this alloy has brought down the elongation significantly to 6.3 %. The TEM bright field image for ESR 6 is shown in Fig. 11 . The SAD pattern reveals the presence of retained austenites in some regions. Diffraction patterns on some of the laths show the precipitation of carbides in the ferrite laths, which have Bagaryatski relationship 21) with ferrite lattice. It may indicate the formation of some bainite during the heat treatment process, though tempering of martensite also show the precipitates in similar relationship.
21)
The evidence of retained austenite in this specimen of ESR 6 steel can also be inferred by comparing the microprobe analysis (EPMA) results in the 1 % nickel ESR 5 and 3.2 % ESR 6 alloys shown in Fig. 12 . It can be seen that the distribution of carbon is relatively uniform in ESR 5, whereas one can see higher carbon rich regions at intervals of 10-20 mm in ESR 6 steel. The prior austenite grain sizes in ESR 6 is 42 mm, and the packets of martensite laths inside the grains may be of the order of 10-20 mm. Therefore, the austenite phase exists at the block boundaries where carbon is enriched. Significant amounts of retained austenite in ESR 6 steel may be the one of the reason for the drop of mechanical properties. On the other hand, this result gives an indication that very small amount of retained austenite might have been present in the 1 % nickel steel too, though it is not detected in the TEM studies.
The TEM-carbon replica and corresponding EDS analysis of the precipitates of ESR 6 steel is shown in Fig. 13 . Apart from complex carbides of (Cr, Mo, V), a separate precipitates of (Ni, Ti) intermetallics are also observed in ESR 6 steel. One can notice the presence of 10-30 nm size (Ni, Ti) intermetallic particles in the high nickel alloy (ESR 6) which is not seen in ESR 5 steel. It may probable that the formation of (Ni, Ti) intermetallic results in the depletion of nickel from the martensite matrix. These precipitates may decrease the hardenability. Therefore, the loss of mechanical properties in titanium inoculated steel possibly due to the reversion of austenite and also depletion of nickel due to the formation of (Ni, Ti) intermetallic. It is interesting to note that in all steels prepared in this investigation, the steels containing 1 % nickel has higher impact toughness. Evidently EPMA studies and TEM bright field studies estimated the formation of retain austenite in ESR 6 steel compare to ESR 5 steel. Nickel influences the microstructural constituents in Ni-Cr alloy as it decreases the Ms temperature significantly beyond 4 %, as a result it changes the mechanical properties noticeably. 22) In this investigation the amount of nickel content is intentionally restricted to 3 % so that after heat treatment one can able to achieve nearly full martensitic structure. ESR 1 alloy is fully martensitic as can be noticed from SEM and TEM micrographs. Modeling was done for all the steels to obtain a relationship between the phase percentages vs. the cooling rate. It predicts the transformation of various phases on application of continuous cooling conditions. The model used for this purpose was neural network based 23, 24) and claims an error band of Ϯ14 K for Ms temperature and Ϯ10 % for phase percentages. The diagrams obtained by this model are shown in Fig. 14 . These diagrams predict that the slower cooling rate (less than 2-5 K/s) results in microstructures containing a mixture of bainite, martensite and some ferrite. Fast cooling (Ͼ10 K/s) on the other hand results in complete martensitic transformation. The cooling rate of the specimens were experimentally obtained in different cooling medium viz. air, oil and polymer-water mixture and it is found that during oil cooling its value is about 29 K/s. 14) Therefore, it is expected that the oil-cooled as-quenched specimens consist of fully martensitic microstructure. It is also predicted from Fig. 14 that Ms temperature of the ESR 2 steel is 305°C and 253°C for ESR 4 alloy as against a value of about 325°C of the ESR 1 (base) alloy. Though there is a drop of Ms temperature, it is still good enough for obtaining fully martensite transformation. It is expected that some reverse austenite may have been formed during tempering because of the low reversion temperature due to the presence of Ni. However, its amount is very minimal and the quantitative characterisation by TEM and XRD are difficult. A qualitative assessment only has therefore been carried out in this investigation. ESR 5 and ESR 6 are steels alloyed by 0.07 % Ti. On addition of Ti it is expected that the hardenability of these steel might have been decreased and one can able to get some amount of retained austenite. However, TEM studies shown in Fig. 10 of ESR 5 did not reveal any retained austenite and some amount of retained austenite is found in ESR 6 alloy as shown in Fig. 11 . The EPMA investigation shown in Fig. 12 also has the similar evidence as discussed above. The small amount of retained austenite might be optimum enough to give higher toughness in 1 % nickel alloys. ESR can produce defect free products. Electroslag direct refined product can eliminate/reduce the requirement of mechanical working of casting. The nonmetallic inclusions are removed and small size inclusions are evenly distributed, thereby, helps to improve strength of the materials. Besides these, the optimum fast cooling of liquid metal in the water cooled mould prevents the segregation and deposit of inclusion in the misfit area grain boundaries. It improves the hot workability of the ESR ingot. Hence, it is possible to roll or forge these materials with minimum working forces. The steels without titanium are completely innovative materials which require to produce in large scale with repeatability and needs more tests to recognise as a potential material for space application.
Conclusion
(1) ESR process help to obtain sound ingots with minimum inclusion content, good chemical homogeneity, promotes desulphurization leading improvement in mechanical properties.
(2) The base alloy has the yield strength of 1 450 MPa, tensile strength of 1 660 MPa and falls in the category of ultra high strength steel. It consists of predominantly lath martensite microstructure, with lath sizes in the range of 550-700 nm.
(3) The addition of 1 to 3 % nickel to the base alloy composition improves the mechanical properties. The yield strength of 1 % nickel alloy is around 1 500 MPa. The alloy containing 3 % nickel results a yield strength value of 1 542 MPa. This is attributed to the finer tempered lath martensite microstructure and solid solution hardening of nickel.
(4) In most of the steels nickel improved the impact toughness. The impact toughness of 1 % alloy is highest and its value is about 400 kJ · m Ϫ2 . (5) Inoculation of titanium in nickel steels results in reduction of tensile and yield strength. It also promotes the formation of intermetallics enriched with Ti and Ni. Reduction of strength is attributed to the retention of austenite and depletion of nickel.
(6) Inoculation of titanium in presence of nickel is not effective to improve the strength and toughness. The indigenously developed base alloy and the un-inoculated nickel alloys are the potential materials for future application. These are mostly low alloy steels.
